A series of triaxial compression tests, which has capable of measuring the volumetric strain of the sample, were conducted on columnar ice. A new testing approach of probing the experimental yield surface was performed from a single sample in order to investigate yield and hardening behaviors of the columnar ice under complex stress states. Based on the characteristic of the volumetric strain, a new method of defined the multiaxial yield strengths of the columnar ice is proposed. The experimental yield surface remains elliptical shape in the stress space of effective stress versus mean stress. The effect of temperature, loading rate and loading path in the initial yield surface and deformation properties of the columnar ice were also studied. Subsequent yield surfaces of the columnar ice have been explored by using uniaxial and hydrostatic paths. The evolution of the subsequent yield surface exhibits significant path-dependent characteristics. The multiaxial hardening law of the columnar ice was established experimentally. A phenomenological yield criterion was presented for multiaxial yield and hardening behaviors of the columnar ice. The comparisons between the theoretical and measured results indicate that this current model is capable of giving a reasonable prediction for the multiaxial yield and post-yield properties of the columnar ice subjected to different temperature, loading rate and path conditions. 
Introduction
The strength of ice is an interest and important subject in field of materials and physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is essential for practical applications, such as the stability of glacier [10, 13] , cold region engineering [14] [15] [16] [17] [18] and the ocean and offshore engineering [19] [20] [21] . The strength of ice relies strongly in its physical properties (porosity, grain size and fabric, imperfections and brine content), the temperature conditions and the loading process (loading rate, loading history, loading path, the orientation of loading with respect to the c axis of ice crystals). The earlier works were focused on the strength of ice as a function of the strain rate, temperature, grain size and other factors in simple stress state, i.e. uniaxial compression and tensile. It is generally accepted that the strength of ice increases as the decreasing of temperature and the increasing of strain rate, and the failure process of ice transforms from the ductile to brittle mode under this change conditions of temperature and strain rate. During this decade, the attention and interest of scholars was extended to study the mechanical property of ice, particularly strength and constitutive theory, damage process and mechanism, brittle-ductile transition condition, fracture and crack mechanism, under complex stress state such as triaxial compression, combined shear-compression and shear-tensile tests [10, 11, 19, [22] [23] [24] [25] [26] [27] . Before further discussion about the strength characteristics of ice, it is necessary to distinguish clearly between three different meanings (concepts) for this property of ice that corresponds completely to different failure mechanism of the material [28] . First is the fracture strength, which occurs under brittle conditions when a brittle crack is formed that propagates across an ice sample for a complete fracture. Second is the initial yield strength caused by the initial formation of internal cracking, and it occurs under ductile conditions such that the ice does not failure at this stress points but continues to deform with the increase of stress. This process does not result in complete failure of ice sample until the failure strength (third) corresponding to the peak stress is reached. In view of the importance of strength characteristics for engineering application, the multiaxial yield (failure) behavior of ductile and brittle ice has been investigated by many researchers for establishing the experimental yield surface and further proposing the corresponding yield criterion. Jones [29] carried out triaxial compression tests on the polycrystalline ice under broad range of strain rates and confined pressures. The experimental results indicated that the rise of failure strength is rapid with the increase of the confining pressure at first, the strength value then remain approximate constant with further increases of confined pressure. The failure strength increases linearly at strain rates of the range from
10
À7 =s to 10 À1 =s under constant confined pressure conditions. Nadreau and Michel [30] made an analysis on the Jones' experimental results [28] , and applied the yield criteria of soil and rock to the isotropic ice for considering the phase change effects due to hydrostatic pressure. Based on the triaxial compression results of freshwater ice at low confining pressures, Nadreau et al. [31] extended further the previous failure criterion to the anisotropic ice and verified experimentally the applicability of this theoretical model at different strain rates. Timco and Freerking [32] performed the biaxial compression tests on the columnar sea ice, and an anisotropic failure criterion was established according to experiment failure envelopes obtained from three different stress planes. Smith and Schulson [33] used the saline columnar ice to conduct the biaxial proportional compression at the strain rate of 10 À2 =s, and the loading plane is orthogonal to the columnar axes. The testing results showed that the proportional ratio is important parameter for brittle-ductile failure transition of the columnar ice, and the shape of brittle failure envelopes at temperature of À10°C and À40°C is consistent. Rist and Murrell [34] present the failure envelope for the isotropic fresh water ice by using a set of concentric elliptical curves in the p-q stress plane. The same the multiaxial failure model was proposed to predict the triaxial results of iceberg ice given by Gagnon and Gammon [35] . The major goal of this works is to determinate experimentally whether or not the same failure criterion can be used for both iceberg ice and fresh water isotropic ice. Derradji-Aouat [36] used the multi-surface failure theory to describe the multiaxial failure behaviors of the saline ice, the fresh water isotropic ice and iceberg ice. Experimental results indicated that the theory model is applicable to the failure of all three types of ice. The triaxial proportional compressions were also conducted on the saline ice for investigating the multiaxial anisotropic strength under different failure modes and the effect factors in the brittle and ductile transition [4, 37, 38] . Those yield criteria for other engineering materials were used to describe the multiaxial compression data of the ice sample. It is worth noting that the initial yield and failure strength of the ductile ice is based on the different definition method corresponding to the different mechanism of the microstructure variation, respectively [28, 37] . It is well-known that the strength criterion of material is an important theoretical tool to characterize quantificationally the strength distribution under complex stress state, which is realistic working condition of engineering materials [39] [40] [41] [42] [43] . The existing literatures referring the strength criterion of ice is limited, as multiaxial loading tests under low temperatures are notoriously difficult to conduct. On the other hands, the hardening property of the ice, corresponding to subsequent yield behavior, is crucial for engineering design since that the ice structures may be under post-yield stress stare in practical conditions. However, relevant studies concerning the multiaxial post-yield behavior and subsequent yield surface of ice has been not reported by now. Therefore, this paper presents a new triaxial method of exploring multiaxial yield and hardening response of the columnar ice with two objectives in mind. The first purpose is to investigate the multiaxial yield and hardening behavior under different stress state, further establish the initial and subsequent yield surface of the columnar ice, and verified experimentally the evolution rule of subsequent yield surface under different stress path. The second aim is to present a simple but reliable phenomenological yield criterion for predicting the multiaxial yield and hardening behavior of the columnar ice. In addition, the effect of temperature, loading rate and loading path in the initial and subsequent yield surface of the columnar ice will be discussed in detail.
Sample preparation and experimental methods
The fresh-water columnar ice was prepared by applying the Laboratory-grown procedure (LGI) of Kuehn et al. [44] . It is effective and economical method to simulate and study the physical and mechanical properties of the ice according to the LGI procedure [4, 20, 44] . The tank is filled with filtered Lanzhou tap water equilibrated to near 0°C. The ice samples were then formed by freezing downwards from the upper surface using a cooling plate attached to a circulating cold bath, which is the realistic freezing condition. The freezing block was cut and machined into cylindrical ice samples with approximately 125 mm in height and 62 mm in diameter, as shown in Fig. 1 . The c-axes of this columnar ice sample were unaligned within the plane of the block (i.e., perpendicular to the growth direction) [42] . This crystallographic structure leads directly to the anisotropy mechanical properties. The density of ice sample is 0.88 ± 0.02 g/cm 3 at three temperature conditions (À1.5°C, À3°C and À5°C). It should be pointed out that ice sample after tests expanded into a bucket shape ( Fig. 1(b) ) due to shear dilatancy behavior, but the radial deformation is still small. The diameter of the top and lower surface keeps within the scope of 62-62.5 mm after tests, and the diameter of the expoxy resin platen contacting with the top and lower surface of ice sample is 62.7 mm. Therefore, the top and lower surface of ice sample is always loading fully in the whole process, the stress state of the ice sample is considered to be uniform in this paper.
Triaxial testing machine (shown in Fig. 2(a) ), which is capable of measuring the volumetric strain of the ice sample, was used to investigate the strength and deformation properties of the freshwater columnar ice at the complex stress states. Fig. 2 (b) shows a schematic of loading and temperature control systems for the triaxial testing machine. The overall loading system is consisted of the axial loading segment and confined pressure segment, and the axial loading process can be controlled by load and displacement respectively (shown in Fig. 2(c) ). The axial load and displacement value, measured by the axial transducer, were used to calculate the axial stress and strain of the ice sample in the testing process. The maximum axial load is 100 kN, and the variation range of the axial displacement is from À85 cm to 85 cm. The aeronautic hydraulic oil is used in confining pressure system, and the range value of the available confining pressure is 0-25 MPa. The alcohol is used as cooling medium in the temperature control system, and the range value of testing temperature is from 0°C to À30°C. Based on the displacement of the axial piston and the oil cylinder piston in the testing, the volumetric strain of the ice sample can be calculated by the following formula:
where V 0 is the original volume of the ice sample; S a and S 0 are the cross-sectional areas of the axial piston and the oil cylinder piston, respectively (S a = 30.2 cm ). h t and h 0 are the original and current positions of the axial piston, respectively; H t and H 0 are the current and initial positions of the oil cylinder piston, respectively. It worth noting that the calculated volume strain should include to the compression deformation of the hydraulic oil, pipeline system, as well as expoxy resin platen (as shown in Fig. 2(b) ). Deformation quantity of piping system and hydraulic oil can be determined by the following method: the steel sample (the size is same to ice sample with 125 mm in height and 62 in diameter) is used to conduct to hydrostatic compression test. Due to large stiffness of the steel sample, the volume compression quantity is negligible under the hydrostatic pressure condition of 0-10 MPa. According to the equation 1, the volume strain under above-mentioned hydrostatic tests can be determined. Those continuous volume strain value are caused by deformation quantity of hydraulic oil and piping system under the condition of continuous confining pressure (0-10 MPa). In triaxial tests, the real volume strain can be obtained by subtracting the amount of hydrostatic volume strain from measured volume strain corresponding to same confined pressure conditions. In addition, because that the stiffness of expoxy resin platen (E = 2.8 GPa to 3.5 GPa) is much larger than it of ice sample under testing temperatures, its deformation can be ignored within the testing confined pressure ranges from 0 to 10 MPa.
In order to investigate experimentally the yield and hardening behaviors under complex stress state, the triaxial tests were performed on the ice samples by utilizing different stress paths. It should be pointed out that the referred stress paths in this paper are discussed in the stress space of effective stress versus mean stress. For the sake of illustration convenience, the loading ratio g is introduced to define the stress paths:
r m ¼ 1 3
The loading ratio g can be rewritten under axisymmetric stress condition:
The principal stress r 1 and r 3 is controlled independently by the axial loading system and confined pressure system, and the triaxial tests under different stress path were conducted by regulating the proportional ratio of g 0 . The loading ratio g = 0, 3 and 0-3, stand for the case of the hydrostatic test, the triaxial tests under different stress paths, respectively. For the purpose of exploring the yield surface evolution, the initial and subsequent yield surfaces of freshwater ice were determined by testing each ice sample through the stress path sketched in Fig. 3 . First, the ice sample was hydrostatically compressed until the isotropic compression yield point, as indicated by the path o ? a in Fig. 3 . Then, the pressure was decreased at a constant rate along stress path a ? b, and an axial stress rate was applied until the axial strain had incremented by 0.5%, referred to as the path b ? c. The axial load was then removed (c ? d) and the pressure was decreased further (d ? e) and the procedure was repeatedly performed (e ? f ? g ? h). This testing procedure was continued until the hydrostatic pressure was decreased to zero. The similar procedure was also executed by starting at the uniaxial stress path and gradually building up the hydrostatic pressure in order to compare the experimental yield surfaces obtained by two loading methods. Multiaxial yield points, defined of axial strain 0.5% (detail discussion in ''Results and discussion"), were summaried in the stress space of the mean stress versus the effective stress. The experimental yield surface of fresh-water ice at different temperatures (À1.5°C, À3°C and À5°C), loading rates (V axial = 0.05, 0.1, 0.2 MPa/min) and loading paths (g = 1.5, 2, 3) conditions were probed respectively for further studying the effect of those factors in initial yield surface. Moreover, for constructing and analyzing the evolution law of the experimental yield surface, the subsequent yield surfaces under uniaxial and hydrostatic hardening conditions were established by using aforementioned method. The ice sample was firstly subjected to hydrostatic compression until a pre-strain (1%, 1.5%, 2% and 2.5%), and then the hydrostatic pressure was removed completely. The subsequent yield surface was re-determinated by repetition of testing procedure. The evolution process of the yield surface under hydrostatic path was determinated experimentally. The yield surface evolution under uniaxial path (axial strain 3%, 6%, 9% and 12%) was also characterized in a similar manner.
Results and discussion
Effective stress-axial strain curves and volumetric strain-axial strain curves of the columnar ice under different condition are shown in Fig. 4 . The shape of curve under three temperatures and confine pressures is simple. Initially, the effective stress varies linearly with axial strain. After the onset of crushing at yield point, the slope of the curve gradually decrease due to the loss of stiffness. It is mainly attributed by the progressive crushing of pore microstructure and the propagation of initial crack in the ice sample. This behavior continues until the stress peak is reached, then the effective stress rapidly drops and remains at a nearly constant value as the axial strain increases. The volumetric strain-axial strain curve under different loading cases is yet simple. The curve is comprised of elastic and plastic parts: a linear compression stage, a peak strain point, a dilatancy stage where the volumetric strain decreases continuously as the ice sample deform plastically. The development of volumetric strain at the initial loading stage is corresponding to the compaction of the porosity in the ice sample (axial strain 0-2%), and the plastic strain occurs at the phase of the volume expansion (more than axial strain 0.5%). The peak points indicate that the weakest pore region starts to be crushed. The initial pore-distribution of the columnar ice is closely related to sample preparation process, and the compaction process must cause to the local deformation of sample. But this magnitude of local strain is limited by the porosity of the sample (1%-4%). This range value of the porosity does not lead to the large local strain in the loading process, the hypothesis for uniform deformation is effective and reasonable to the plastic behavior of ice sample. The change ratio of the volumetric strain decreases as the increase of the confined pressure at dilatancy stage. The primary contribution for this result is that the capacity of the radial plasticity deformation is restricted gradually since the increase of the confined pressure. On the basis of linear elastic characteristics of the volumetric strain, the Poisson's ratio of ice sample under initial compression region can be calculated by following equations: under three temperature conditions, respectively. It means that the effect of temperature in the transverse dilatancy property of the columnar ice is insignificant. The peak points of volumetric strain are regarded as the demarcation point of elastic and plastic region, and the value of the radial dilatancy deformation is more than the value of the axial compression deformation since plastic behavior in the post-peak stage. In other words, the peak point of the volumetric strain is corresponding to the multiaxial yield point of ice sample under different complex stress states. It is worth emphasizing that the value of axial strain at the yield stress point (the peak point of the volumetric strain) belongs to the range of 0.5 ± 0.01% for the different loading conditions, as shown in Fig. 4(b) . Therefore, the stress values at axial strain of 0.5% are defined as the multiaxial yield point of the columnar ice in this paper. Typical effective stress-axial strain curves of the columnar ice under different load rate and load path conditions are shown in Fig. 5 . The shape of uniaxial (g = 3) and triaxial (0 < g 6 3) curves has no significant difference, but the effects of stress rate and stress path in the curve level are considerable. Mean stress-volumetric strain responses at hydrostatical compression tests are summaried in Fig. 6 . The curve for three temperatures all have such characteristics as an initial linear elastic region, a yield stress point, a short plateau region where the stress increases slowly as the pore compression plastically, and a densification region where stress increases rapidly. The ice sample is within the range of 0.86-0.9 g/cm 3 at three temperatures (À1.5°C, À3°C and À5°C). Considering to the density of the pure ice (0.9 g/cm 3 ), the porosity of ice sample should range from 1 to 4%. Therefore, the ice sample under hydrostatic compression tests has undergone an initial elastic stage and pore compaction stage. The ice grain is subjected firstly to elastic deformation unit that the weakest pore is crushed, then the corresponding stress point is the hydrostatic yield strength. The other pores are continuously compressed in the plateau stage of stress-strain curves, as show in the Fig. 6 . Then the ice grain has not recrystallized timely to form stable state as pores are sequentially crushed. Further increase of the hydrostatic pressure makes the crack initiation and propagation in the internal microstructure of ice sample (damage evolution), which can lead directly to continuously increase of volume strain (compaction process), as shown in plateau stage of Fig. 6 . A comparison between the uniaxial and hydrostatic compression results indicates that the hardening rate under uniaxial compression is much hydrostatic compression. This implies the anisotropic hardening characteristics of the columnar ice are verified experimentally. In addition, the value of the uniaxial yield stress is clearly more than the hydrostatic yield stress under corresponding temperatures.
The initial yield surfaces of the columnar ice under different testing conditions are plotted in the stress space of the effective stress r e versus the mean stressr m , as shown in Fig. 7 . It is clear that the experimental yield surfaces remain elliptical shape in the r e À r m stress plane and show no evidence of corner development at all multiaxial yield points. It should be noted that the procedure of exploring experimental yield surface of the columnar ice was also executed by starting at the uniaxial loading path and gradually building up the hydrostatic pressure. This alternative testing method gave no substantial difference in the shape and size of experimental yield surface, and it demonstrates that the accumulated plastic-strain during the loading-unloading process has a negligible effect in the measured multiaxial yield points.
Therefore, a simple phenomenological yield criterion is proposed for the yield envelope surface of the columnar ice:
where r m and r e are the mean stress and the effective stress, respectively.YðT; _ e ij ; e p ij Þ and HðT; _ e ij ; e p ij Þ are shape and size parameters (hardening parameters) as function of temperature, strain rate (stress rate) tensor and plastic strain tensor. Two parameters can be directly solved by using the uniaxial and hydrostatic yield stresses obtained from testing results ( Table 1 ). The evolution of parameters is closely related to the experimental loading conditions. can be regarded as the hydrostatic strength value of ice sample. It means that the effect of experimental conditions, such as temperature, loading path and rate, in the yield surface evolution can be attributed to the effect of those factors into the two failure mechanism. It is evident that the phenomenological yield criterion is capable of giving an approximate prediction for the experimental yield surface of the columnar ice over the investigated ranges of temperature and stress rate. The expansion of the experimental yield surface is almost isotropic from the low to high temperature, as shown in Fig. 7 . It suggests that the multiaxial yield points at different stress states follow to the same variation rule with temperature changes. The theoretical yield surface under different temperatures might be derived by using the enhancing ratio of the uniaxial yield stress and current yield criterion. The notable growth of the experimental yield surface as increasing of stress rate is validated, but the expansion ratio of the yield surface along the axis of the effective stress r e is distinctly more than along the axis of the mean stress r m . The primary reason for this difference is that the hardening behavior, induced by the rate effect, is anisotropic. Furthermore, the initial yield surfaces probed by three loading path are also shown in Fig. 7 . The size and shape of the initial yield surface have an inappreciable variation, and the initial yield surface is insensitive to loading path. Two stress paths, namely uniaxial and hydrostatic path, were selected for establishing the subsequent yield surfaces at prestrain and further investigate the hardening characteristic of the columnar ice, as shown in Fig. 8 . It can be found that the subsequent yield surfaces maintain ellipse shape under both two stress paths. And there is still no apparently corner development for all experimental yield surfaces. By excluding the pre-strain of 9% and 12%, subsequent yield surface approximately strengthens in an isotropic or geometrically self-similar pattern under uniaxial stress path condition, as shown in Fig. 8(a) . The enhancing rate of the effective stress is gradually more as continued increase of the uniaxial strain. A possible reason for this interesting dissimilarity is that hardening rate with respect to different direction is not identically dependent on the axial strain in the stress space of effective stress versus mean stress. In the case of hydrostatic path, the subsequent yield surface prolongs remarkably toward the axis of the mean stress, and shrinkage slightly along the axis of the effective stress, as shown in Fig. 8(b) . This unidirectional extension of subsequent yield surface occurs, because the hydrostatic path (volumetric strain) has an ignorable influence in the hardening development of the effective stress direction (pure shear stress path). In other words, the subsequent yield (hardening) behavior at the uniaxial and pure shear path does not rely in the change of the volumetric strain caused by the hydrostatic pressure. Because that the c-axes of this columnar ice sample are unaligned, this initial crystallographic structure leads directly to the anisotropy mechanical properties. The ice grain will recrystallize as the increases of the strain in the tests, and this recrystallization process of grain will induce further to the increase of the anisotropic degree. Therefore, the anisotropic hardening characteristic of columnar ice is dominated by the initial anisotropic microstructure and microstructural rearrangement induced by grain recrystallization. To better evaluate the coupling effect of the loading path and pre-strain in hardening rate, the subsequent yield surfaces obtained from three loading paths (g = 1.5, 2, 3) are drawn in Fig. 8(c) and (d) . It can be seen that the evolution of yield surface is slightly sensitive to loading path. As the increasing of the loading ratio g, the yield surface has a little elongation along the axis of the effective stress. The main reason for this unidirectional hardening characteristic under the hydrostatic stress path is that the subsequent yield behavior of ice sample is dominated by the mean stress. The effect of loading path in the subsequent yield surfaces at pre-strain of 1.5% and 2.5% is insignificant under the hydrostatic stress path.
Conclusions
The triaxial compression tests, which is able to measure the volumetric strain of the sample, is performed on the columnar ice under different temperatures (À1.5°C, À3°C and À5°C), loading rates (V axial = 0.05, 0.1, 0.2 MPa/min) and loading paths (g = 1.5, 2, 3) conditions. A new approach of exploring the experimental yield surface from a single sample was executed for studying the multiaxial yield and hardening behaviors of the columnar ice. The effect of temperature, loading rate and loading path in the initial and subsequent yield surface is also investigated experimentally. Some conclusions drawn from experimental and theoretical results are summarized below:
(1) The effects of temperature, loading rate and loading path in the shape of curves are negligible at the triaxial testing, but the curve level strongly depends on the aforementioned factors. The volumetric strain in triaxial tests (0 < g 6 3) is distinctly composed of two parts, i.e. elastic compression stage and plastic dilatancy stage. Based on the characteristic of the volumetric strain, a new method of defined the multiaxial yield points of the columnar ice is proposed reasonably. The temperature effect in the Poisson's ratio of the columnar ice is insignificant. (2) The experimental yield surfaces remain elliptical shape in the plane of effective stress versus mean stress, and show no evidence of corner development at all multiaxial yield points. The significant expansion of the initial yield surface with the temperature happens to be isotropic. Asymmetrical expansion of the initial yield surface as the increasing of the stress rate is validated experimentally. The initial yield surface of the columnar ice is not sensitive to the loading path. (3) The subsequent yield surface maintains consistently elliptical shape under uniaxial and hydrostatic path. The evolution characteristic of the yield surface is geometrically selfsimilar pattern under uniaxial path, and the subsequent yield surface extends along the mean stress axis in the case of hydrostatic path. The hardening rate for the columnar ice under hydrostatic path is more than it uniaxial path. The anisotropic hardening behavior of the columnar ice is verified experimentally, and the size of subsequent yield surface relies strongly on the loading path. (4) A phenomenological yield criterion for the columnar ice is presented in the stress space of effective stress versus mean stress. The theoretical envelope lines are approximate agreement with the experimental yield surfaces in the studied range of temperatures and loading rates. This simple but reliable theoretical model also has capable of predicting and describing to the subsequent yield surfaces in the case of uniaxial and hydrostatic paths.
